Summary.
The Many investigators have studied the fine structure of the thyroid gland in larval amphibia under normal (LARSEN, 1964; COLEMAN et al., 1968; REGARD and MAUCHAMP, 1971; NANBA, 1972) and experimental or abnormal conditions (LARSEN 1965 (LARSEN , 1968 COLEMAN et al., 1967; NEUENSCHWANDER, 1972) . Of these, several authors have dealt with animals in metamorphosis (LARSEN, 1964; COLEMAN et al., 1968; REGARD and MAUCHAMP, 1971; NANBA, 1972) , but their attention has been directed toward the determination of the developmental stage of the highest activity of the larval thyroid gland and toward the pattern of the ultrastructural changes in the follicular epithelium throughout metamorphosis, but scarcely toward the fine-structural nuances of individual follicular cells themselves.
The present study was initiated with a doubt as to whether every thyroid follicular epithelial cell, at each developmental stage during metamorphosis, is in the same life cycle and is identical in ultrastructure.
Material and Methods
Fertilized eggs of the salamander, Hynobius nebulosus, were collected from mountain-streams in the suburbs of Nagasaki City in their breeding season from late stages in Hynobius nebulosus during metamorphosis was available, they were judged by reference to the normal table for Triturus pyrrhogaster (OKADA and ICHIKAWA, 1947) . 377
The thyroid tissue was removed under ether anesthesia and fixed for 1hr in cold 2% osmium-tetroxide in Millonig's buffer (pH 7.4). After dehydration in a graded series of acetone, the tissue was embedded in epoxy resin (Epon 812). Thin sections were cut with glass knives on a Porter-Blum ultramicrotome, mounted on coated copper grids, and doubly stained with uranyl acetate (WATSON, 1958) and lead citrate (REYNOLDS, 1963) . Electron micrographs were taken using a JEM T8 microscope. For correlated light microscopic studies thick sections were cut and stained with 1% toluidine blue.
Some thyroids were fixed in Carnoy's fluid and embedded in paraffin. Serial sections were made and stained with periodic acid Schiff-hematoxylin (PAS) in combination with the salivary digestion test.
Measurements were carried out with a micrometer on epon-embedded, thick sections stained with toluidine blue: the long and short diameters of thyroid follicles and follicular lumina were measured and the mean of both diameters was given; the cell height was given by the half value of the difference between the diameter of a follicle and that of its lumen.
Results
In contrast with anuran, metamorphic transformation in urodeles occurs during a short period (ETKIN, 1964) , so that the larval salamanders used in this study range from stage 58 just before metamorphosis to stage 60 immediately before complete gill resorption.
As shown in Table 1 , the follicular diameter gradually increases with the progress of developmental stage but the diameter of the follicular lumen is the shortest at stage 59 immediately after the beginning of gill resorption. On the other hand, the cell height indicates no marked difference between stages 58 and 60 but is the tallest at stage 59. The follicle epithelial cells in this study differ more or less in shape, size, and ultrastructure not only among individual follicles of the same developmental stage, but also in the same follicle of one animal. On the basis of both the profiles of granular endoplasmic reticulum and the electron density of cytoplasmic matrix, the salamander thyroid follicular cells during metamorphosis can be classified into the following two main types:
1. Ordinary type: light cell with small cisternae of endoplasmic reticulum
The cells of this type correspond to light-colored cells in Epon sections stained with toluidine blue and occupy the majority of the follicle epithelial cells throughout Table 1 . Measurements of diameter of follicles and follicular lumina and cell height in the thyroid gland of larval salamanders during metamorphosis metamorphosis. Their shapes are mainly cylindrical to cuboidal at stage 59 and cuboidal to flat at stages 58 and 60 and a round or elliptic nucleus is located basally in the cytoplasm (Fig. 1-3) . In electron microscopy, the cells are characterized by the presence of relatively electron lucent cytoplasmic matrix containing small-sized cisternae of granular endoplasmic reticulum (Fig. 5-7 ). The profiles of the cisternae are usually round to elliptic in shape and sometimes are flattened into a lamellar array especially in the paranuclear zones (Fig. 5) . In shorter cells they gather from basal to lateral regions around the nucleus (Fig. 6, 7) , while in taller cells they extend to the supranuclear areas (Fig. 5 ). In addition, elements of granular endoplasmic reticulum are seen singly or in small groups in the apical cytoplasm, but they are smaller in size and studded with only a few ribosomes (Fig. 8 ). Round and elongate mitochondria are randomly scattered throughout the cytoplasm (Fig. 5-7) . The Golgi apparatus is well developed and is preeminent in dilated cisternae and vacuoles, especially in taller cells (Fig. 5, 8 ).
high density, low density, and moderate density similar to that of luminal colloid distributed mainly in the area between the apical cytoplasm and the nucleus; they are more numerous in taller cells than in lower (Fig. 5-8 ).
Furthermore, in these areas, multivesicular bodies with or without coated patches (Fig. 7, 9 ), coated vesicles (Fig. 8) , and vacuolar bodies with contents less dense than colloid droplets (Fig. 8 Inset) are sometimes observed and large colloid droplets containing tubules are rarely encountered (Fig. 7) . Some cells have one or more extremely large colloid droplets or vacuolar bodies which occupy large portions of the cytoupper half of the cytoplasm (Fig. 9 ). Lipid droplets in groups occasionally appear in the infranuclear areas. Poorly developed microvilli protrude from the apical surface into the luminal colloid ( Fig. 5-9 ). Between adjacent cells junctional complexes are found, accompanied by cytoplasmic filaments, immediately underneath the apical plasma membranes (Fig. 8) . Sometimes, the same arciform tight junction as in adult
Figs. 1-3. A part of the thyroid gland of larval salamanders at stage 58, 59, and 60, respectively. salamanders (SETOGUTI, 1973a ) is encountered in the middle third of the lateral cell surfaces (Fig. 9 Inset). Cilia are rarely discernible.
2. Unusual type cells 1) Honeycomb-like, light cell with dilated cisternae of endoplasmic reticulum The cells of this type are cuboidal or cylindrical in outline and appear mainly in stage 59. Their cytoplasm is filled with numerous, large, dilated, clear cisternae of granular endoplasmic reticulum distributed from the base to the apex. The cytoplasm resembles a honeycomb and appears, as a whole, rather clear in spite of the presence of relatively electron dense, scanty cytoplasmic matrix (Fig. 10) . The nucleus usually is electron dense and frequently irregular in shape. Mitochondria are either normally round to rod-shaped in profiles or swollen unusually large; partially swollen mitochondria thought to be a transitional form between both types also are occasionally encountered (Fig. 11 Inset). The Golgi apparatus is located in the supranuclear area and consists of well developed cisternae and less prominent vacuoles and vesicles. Colloid droplets are few in number and cytosomes frequently mingled with irregular-shaped ones are scattered in small groups in and near the Golgi area (Fig. 10 ).
Intercellular spaces sometimes are very wide and contain a material resembling the luminal colloid (Fig. 10) . Such wide spaces may be caused by destroyed cells described later.
Microvilli covering the apical surface appear not different from those of the ordinary type cell.
According to both the grade of dilation and extension of granular endoplasmic reticulum and the density of cytoplasmic matrix, there are also observed intermediate types between this cell type and the ordinary cell type (Fig. 11) . This type of cell is common to the preceding honeycomb-like cell in having numerous cisternae of granular endoplasmic reticulum filling the cytoplasm, a dense nucleus of irregular outline, normal or swollen mitochondria, groups of often irregularshaped cytosomes, a small number of colloid droplets, and Golgi complexes with a well developed lamellar component (Fig. 12) .
However, it differs from the honeycomb-like cell in that the entire cytoplasm appears very dark since the cisternae of endoplasmic reticulum are not dilated and the cytoplasmic matrix is rich in apparently free ribosomes which, however, may largely correspond to attached ribosomes tangentially cut (Fig. 12) . These cells are recognized as dark cells in Epon sections stained with toluidine blue. They occur principally in stage 59. The cells belonging to this type are observed mainly in stage 60, but occasionally also in stage 59. They are characterized by their dark cytoplasm diffusely filled with dense, fine particles similar to those of the luminal colloid (Fig. 13, 14) . Usually cell organelles remain intact but the endoplasmic reticulum is sometimes invaded by these particles.
The nucleus is electron dense and often deeply indented (Fig. 13 ). In the cytoplasm, membrane-bounded large colloid droplets occasionally are present (Fig. 14) . Mitochondria are either normal in appearance or swollen (Fig. 14) . The Golgi apparatus mainly consists of a stack of small lamellae (Fig. 14) . The profiles of granular endoplasmic reticulum vary in size and distribution and sometimes show extremely large cisternae. These cell organelles are usually gathered in more or less restricted parts of the cytoplasm which, in other parts, are filled with the above mentioned fine particles (Fig. 13, 14) . In the cases of glycogen occurring in the cytoplasm, the fine particles are realized to be in the cytoplasm because they are observed mingled A part of a dark cell filled with colloid particles in the thyroid follicular epithelium of a larval salamander at stage 60. Fig. 13 . inset shows the area indicated in a rectangle in Figure 13 . Note glycogen granules mingled with colloid particles in the cytoplasm (Fig. 13 Inset) and aggregates of cell organelles in the cytoplasm (Fig. 14) . C membrane-bounded, large colloid droplet, Er cisternae of granular endoplasmic reticulum surrounded by the aggregates of ribo-with the glycogen particles (Fig. 13, inset) . Intercellular spaces between this type cell and neighboring cells usually are wide open and contain a material somewhat similar to the luminal colloid (Fig. 13) . In some cases, transitional forms between this type cell and the previous, two unusual type cells (Fig. 11 ) are thought to be present, but it is difficult to distinguish Figure 17 , showing membranebounded colloid masses thought to originate from the cytoplasm filled with colloid particles (CM) and the remaining cytoplasm closely packed with degenerating cell organelles such as swollen mitochondria (M), shrunk Golgi complexes (G), and cytosomal dense bodies (S). such dense fine particles from other essential particles constituting the cytoplasmic matrix.
4) Altered and destroyed cell
Among the ordinary type follicular cells especially in stages 59 and 60, there are occasionally observed the above mentioned, dark cells filled with dense fine particles the basal cytoplasm of which is partially detached from the basement membrane demarcating the underlying connective tissue and pushed upwards (Fig. 17) . With the progress of such alteration, the cells gradually become pushed out into the lumen and simultaneously are destroyed starting from the apical cytoplasm (Fig. 17) . Prior to these processes, large portions of the cytoplasm diffusely filled with fine particles are changed into several membrane-bounded masses similar to the luminal colloid (Fig. 17) , whereas the remainder of the cytoplasm containing cell organells becomes surrounded by a limiting membrane (Fig. 15) , though this cytoplasm also may contain similar fine particles (Fig. 16 ). In the terminal stage of this alteration, however, the cytoplasm containing cell organelles is also destroyed and comes to float as cell fragements in the luminal colloid (Fig. 18 ). In such cellular debris, cell organelles such as swollen mitochondria, shrunk Golgi complexes, and lysosomes are detected enclosed by a large aggregate of ribosomes devoid of any limiting membrane (Fig. 18 ).
Discussion
It is well known that thyroid glands of amphibian larvae play an important role in metamorphosis (NOBLE, 1954) . From the light microscopic study of thyroid glands of the larval salamanders ranging from the premetamorphic age (stage 58) to the metamorphic age (stage 60) immediately before complete gill resorption, it was demonstrated that at stage 59 at which gill resorption begins the diameter of the follicular lumen is shorter and the height of follicular epithelial cells is greater than in any other stage. This relation between follicle lumen diameter and cell height during metamorphosis obtained in the present study coincides with the results described in anurans Xenopus laevis (COLEMAN et al., 1968; REGARD and MAUCHAMP, 1971) and Rana japonica (NANBA, 1972) . It can thus be concluded that in an urodele Hynobius nebulosus the stage of the highest activity of the thyroid gland throughout metamorphosis may be at the beginning of gill resorption.
On the basis of the size and distribution of granular endoplasmic reticulum and the electron density of the cytoplasmic matrix, the author classified the follicle epithelial cells into ordinary type cells and unusual type cells, and furthermore subdivided the latter into four.
The ordinary type cells, i. e., the light cells with smallsized cisternae of granular endoplasmic reticulum probably correspond to the chief cells of LANGENDORFF (1889). Ultrastructural changes of amphibian thyroid follicular cells during metamorphosis have been investigated up to date only in this type of cells. It was confirmed in the ordinary type cells that the cell height is, as reported in previous papers (LARSEN, 1964 (LARSEN, , 1965 REGARD and MAUCHAMP, 1971; NANBA, 1972) , closely associated with a three dimensional expansion of endoplasmic reticulum in the cytoplasm.
In the cytoplasm of this type cell, larger colloid droplets and cytosomes of various numbers were found besides the so-called apical vesicles (NADLER et al., 1964; VAN HEYNINGEN, 1965) . Some cells had extremely large colloid droplets occupying large portions of the cytoplasm.
Such cells were thought to correspond to Bensley's colloid cells designated by UHLENHUTH (1925) . According to him, these cells rise as a result of a cosumed cell activity and can no longer release their accumulated colloid out of the cell body. In addition, varying-sized vacuolar bodies with less dense contents than colloid droplets occasionally appeared in the apical cytoplasm. These vacuolar bodies corresponded to chromophobe colloid droplets described by UHLENHUTH (1925 UHLENHUTH ( , 1927 which have been observed also in adult Hynobius nebulosus (SETOGUTI, 1973a ) and demonstrated to be derived from resorbed colloid droplets during hydrolysis (SETOGUTI, 1973b ), but they were far less numerous than in the adult cases.
Except for these ordinary type cells there sometimes were distinguishable four types of unusual epithelial cells in the follicular wall: honeycomb-like, light cells with numerous large, dilated cisternae of endoplasmic reticulum, dark cells with numerous, flat cisternae, dark cells filled with dense, fine particles, and altered and destroyed cells. The cytoplasm of the honeycomb-like cells was filled with numerous large, dilated cisternae of endoplasmic reticulum which were thought to have occurred possibly by a coalescence of smaller cisternae.
Such large cisternae frequently lost a part of their attached ribosomes and appeared agranular in some directions of section. Accordingly, the cells of this type are somewhat similar in fine structure to the AR cells (agranular endoplasmic reticulum cells) discribed by WETZEL and WOLLMAN (1969) in mouse thyroid gland. However, AR cells differed from this type cell in that their cytoplasm was filled with numerous, small-sized cisternae of agranular type and contained secretory granules of less electron density.
Similar follicle epithelial cells with large dilated cisternae of granular endoplasmic reticulum have been reported in the dog thyroid stimulated with TSH for 6 days (NEVE and DUMONT, 1970) , in the rat thyroid during alimentary tocopherol and ubiquinone deficiencies (BLAHSER and SCHNORR, 1971) , and in the dog accessory thyroid one month after thyroidectomy (KAMEDA, 1972) . As for the cytological significance of the dilated cisternae, however, there are still some disagreements among these authors. NEVE and DUMONT (1970) have stated that the morphology of the chronically TSH-stimulated thyroid is characterized by a considerable hypertrophy of the follicular cells and that no colloid droplets in the cytoplasm can be explained by acceleration of the normal process of thyroglobulin secretion and resorption from the follicular lumen. BLAHSER and SCHNORR (1971) have supposed that in spite of active protein synthesis in the endoplasmic reticulum the release of the product is checked due probably to experimentally induced alteration of enzyme content in the cell. On the other hand, KAMEDA (1972) has described the cells with both large dilated cisternae and pyknotic nuclei as exhausted cells.
In the present study, there were sometimes found intermediate type cells between the honeycomb-like cells and the ordinary type cells with respect to the size and distribution of the profiles of endoplasmic reticulum as well as to the shape of the mitochondria; furthermore they were mainly observed, as in the honeycomb-like cells, in the animals at stage 59 when thyroid follicular cells function most actively. Thus, such intermediate type cells may originate from the ordinary type and those with normal nuclei and mitochondria may correspond to active cells engaged in protein synthesis. On the other hand, the honeycomb cells and other intermediate type cells with pyknotic nuclei, swollen mitochondria and large clear cisternae of endoplasmic reticulum with almost no contents are thought to be functionally exhausted cells followed by the longtime stimulation of TSH throughout metamorphosis as has recently been suggested in Xenopus laevis by NEUENSCHWANDER (1972) .
The dark cells with numerous flat cisternae of endoplasmic reticulum were similar in shape and distribution of mitochondria, Golgi complexes, colloid droplets, and lysosomes to the honeycomb cells, but differed from the latter cells in that their cytoplasm had numerous flat, undilated, cisternae of endoplasmic reticulum and a ribosome-rich, dark appearing, narrow cytoplasmic matrix among them. However, there were, of course, some transitional type cells between these two cell types. Similar transitional type cells which have large, dilated cisternae of granular endoplasmic reticulum and dark narrow cytoplasmic matrix rich in free ribosomes were reported by IRIE (1960) as LANGENDORFF's colloid cells in the thyroid gland of various mammals.
Most of these dark cells might also belong to exhausted cells, since they frequently have pyknotic nuclei and swollen mitochondria and appear mainly in stage 59 at which thyroid activity reaches its climax. However, in this work it remained unclarified why exhausted cells indicate the two different types: the honeycomb-like light cell with dilated cisternae and the dark cell with flattened cisternae of endoplasmic reticulum.
The next unusual type cells were the dark cells filled with dense fine particles which occasionally were found in the follicle epithelium.
In the thick Epon sections stained with toluidine blue, these cells appeared as dark as the dark cells with flattened cisternae of endoplasmic reticulum.
Thus, it was light-microscopically impossible to distinguish these types of dark cells. In the paraffin-embedded sections fixed in Carnoy's solution, however, occasional cells were diffusely stained with PAS reagent with or without previous salivary digestion, as was the luminal colloid, and were contrasted with unstained follicle epithelial cells (Fig. 4) . Accordingly, it is evident that cells of this sort contain a large amount of colloid and electron microscopically correspond to the dark cells filled with dense fine particles resembling those of the luminal colloid. This type cell had a pyknotic nucleus, swollen mitochondria, a shrunk Golgi apparatus, and profiles of endoplasmic reticulum of various sizes. These cytoplasmic membranous structures and ribosomes remained almost intact though in aggregates.
LANGENDORFF (1889) has described that thyroid follicular epithelial cells are classified into chief cells and colloid cells and that the cells of the latter category are darkly stained with OsO4 mixtures and are tinged with all the dyestuffs staining luminal colloid. Thus, both the dark cells filled with colloid particles and the dark cells with flattened cisternae may light microscopically correspond to the colloid cells of LANGENDORFF's definition since both types of cells are darkly stained with toluidine blue in Epon sections fixed in OsO4 mixture, as is luminal colloid. However, the former type cells filled with colloid particles are considered to be actually suitable for the name of colloid cells so that the present author would call them "true colloid cells."
Concerning the nature of LANGENDORFF's colloid cells, many authors supposed that they may be functionally consumed or degenerated cells (ANDERSSON, 1894; BENSLEY, 1916; UHLENHUTH, 1925; BARGMANN, 1939) . With the progress of such cellular alteration, most of the other unusual type cells mentioned above may eventually be changed into "true colloid cells." This view may be supported in that transitional types between both types seem to be present.
The occurrence of these true colloid cells might be, as suggested by BARGMANN (1939) , due to an inbalance in the production and release of colloid in the cytoplasm.
However, further investigation is nescessary to substantiate this interpretation.
Some of the true colloid cells were pushed upwards and their basal cytoplasm was partially detached from the basement membrane.
A part of the apical cytoplasm of thus altered colloid cells was frequently segregated into the luminal colloid. This finding of the true colloid cells was early explained as evidence of colloid secretion into the follicular lumen (LANGENDORFF, 1889) . Now that the mechanism of thyroglobulin formation in the cytoplasm and of its secretion into the follicular lumen has been elucidated at the ultrastructural level by autoradiographic and cytochemical studies (NADLER et al., 1964 ; VAN HEYNINGEN, 1965; WHR et al., 1969) , it is clear that the destruction of true colloid cells is not worthy of consideration as holocrine secretion into the lumen but merely represents the terminal stage of degeneration of functionally consumed follicular cells.
From the findings mentioned above it is suggested that all unusual types of thyroid follicular cells observed in this work were derived from the ordinary type cells and that the life cycle of the follicular cells during metamorphosis is not always the same in each developmental stage.
